Background and Purpose-Agents that protect against neurovascular damage provide a powerful neuroprotective strategy.
H ypoxic-ischemia (HI) is a major cause of neonatal mortality and neurological morbidity among survivors. 1 Neurovascular unit has been shown to be a major target of neural injury. [2] [3] [4] [5] Dysfunction of the neurovascular unit may disrupt microcirculation and, hence, promote progression of neurological diseases. Neurovascular damage may be present early in neurological diseases, even before the onset of neuronal death. 2, 5 Evidence has indicated that neurons and vascular cells are closely related developmentally, structurally, and functionally. 2 Communication between the nervous and vascular system is required for maintaining the blood-brain barrier (BBB) integrity and promoting neural function and regeneration. 6 Therefore, for effective therapies in newborn with HI, it is necessary to target early the protective pathway that simultaneously acts on neurons and vessels. [3] [4] [5] Stem cells have been used in the experimental studies of neonatal HI. 7 Human umbilical cord blood stem cells (HUCSCs) contain many stem cell types that can differentiate into mature cell types. Many studies have evaluated the effect of HUCSCs in perinatal brain damage; 8, 9 however, few studies have focused on the protective effect of human umbilical vein endothelial cells (HUVECs). Both HUVECs and HUCSCs have autologous potentials and low immunogenicity. However, compared with HUCSCs, the advantages of HUVECs include cell type homogeneity, well-characterized surface markers, late endothelial progenitor cell characters, and obtainable huge cell numbers via rapid expansion property. Autologous treatment using HUVECs for newborns, especially preterm infants, is particularly appropriate because an umbilical cord contains a sufficient number of vascular endothelial cells. Through its paracrine effect, cell therapy using HUVECs may not only produce protective signals for cerebral vessels but also promote neuronal survival after HI in the neonatal brain.
Stromal cell-derived factor 1 (SDF-1) is a chemokine secreted by tissues after hypoxia. 10 C-X-C chemokine receptor type 4 (CXCR4), a SDF-1 receptor, is widely expressed in tissues, including neurons 11 and vascular endothelial cells. 12 The SDF-1 and CXCR4 are key regulators of endothelial progenitor cells mobilization and recruitment to tissue injury areas in many organs. 13 SDF-1 expression increases after HI in the neonatal mouse brain. 14 Whether peripherally injected HUVECs migrate to the neonatal brain and protect against HI through SDF-1/CXCR4 axis remains unknown.
We used an in vivo model of neonatal HI and established in vitro coculture models of HUVEC/neurons and HUVEC/ vascular endothelial cells against oxygen-glucose deprivation (OGD) to test the following hypotheses: (1) intraperitoneally injected low-passage HUVECs entered the brain after HI, protected neurovascular unit, and provided neuroprotection via SDF-1/CXCR4 pathway; and (2) transwell coculturing with HUVECs protected against OGD cell death in neurons and endothelial cells via paracrine effect.
Materials and Methods
This study was approved by the Institutional Review Board of National Cheng Kung University Hospital and the Animal Care Committee of National Cheng Kung University.
Primary Culture of HUVECs
Human umbilical cords were rinsed and washed. Endothelial cell suspensions were harvested by collagense perfusion and centrifuged, and the pellets were resuspended in the complete medium (onlineonly Data Supplement) before being plated onto culture dishes. 15 Low-passage HUVECs (HUVEC-P4) and high-passage HUVECs (HUVEC-P8) from the same umbilical cords were used (online-only Data Supplement Methods). Recombinant adenoviruses were produced using AdEasy (Stratagene). The adenovirus-green fluorescent protein (GFP) construct was transfected into HUVECs for 24 hours.
HI Injury and HUVECs Treatment
Postpartum day 7 (P7) male Sprague-Dawley rat pups were anesthetized, and the right common carotid artery was permanently ligated. After surgery, the pups were returned to their dams for a 1-hour recovery before hypoxia. The pups were then placed in air-tight 500-mL containers partially submerged in a 37°C water bath through which humidified 8% oxygen was maintained at a flow rate of 3 L/min for 2 hours. [3] [4] [5] Pups received intraperitoneal injections of HUVECs (1×10   5 per injection), conditioned medium, or saline solution before and immediately after HI. The experiments were performed by laboratory technicians, whereas the quantitative measurements were performed by the investigators who were blinded to the grouping during the assessment. The brain was sectioned (20-μm thick) from the genu of the corpus callosum to the end of the dorsal hippocampus post-HI. 16 per rat were counted.
Brain Damage Measurement

GFP-positive HUVECs
Cells were identified by their nuclei (4',6-diamidino-2-phenylindole [DAPI] staining) and applied to determine gray values in the corresponding channels, fluorescein isothiocyanate (GFP). The percentages of GFP and DAPI double-positive cells among DAPI-positive cells were determined.
Neuronal Apoptosis
Cells were identified by their nuclei (DAPI staining) and applied to determine gray values in the 2 corresponding channels, fluorescein isothiocyanate (cleaved caspase-3) and Cy3 (NeuN). The percentages of cleaved caspase-3-, NeuN-, and DAPI-triple-positive cells among DAPI-positive cells were determined.
Location GFP-positive HUVECs
Cells were identified by their nuclei (DAPI staining) and then applied to determine gray values in the 2 corresponding channels, fluorescein isothiocyanate (GFP) and Cy3 (RECA-1). The percentages of RECA-1 double-positive cells were determined.
Quantitative Analysis Cerebral Vessel Length and Density
Assessment of RECA-1-positive vessel density at 24 hours post-HI was performed using the length density stereological parameter. 17 The region containing the highest vessel density was chosen. Three visual fields were acquired (20× magnification) to calculate the length density. 
Quantifying Blood Levels of GFP-Positive HUVECs
To quantify the GFP-labeled HUVECs after intraperitoneal injection, peripheral blood (100 μL) samples were put into 1-mL syringes containing 100:l heparin. The cells were fixed, and the GFP-positive HUVECs and nucleated blood cells were detected by flow cytometry. 
HUVEC Migration Assays In Vitro Boyden Chamber Assay
The specimens were loaded into the lower parts of a 48-hole Boyden chamber (BD Biosciences). The cell suspension was loaded into the upper chamber with a loading volume of 50 μL with a total cell number of 5×10 4 for each hole. After 12-hour incubation, cells on the bottom of the filter were stained with Geisa and counted (144 fields of each quadruplicate filter) with tissue cytometry (online-only Data Supplement).
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OGD
Neurons and Endothelial Cells
Mouse neuroblastoma cells (Neuro-2a; Bioresource Collection and Research Center) and mouse immortalized cerebral endothelial cells (b.End3; American Type Culture Collection) were cultured, plated (4×10 5 cells per dish), and grown for 24 hours in a normoxia under complete medium. For OGD, the Neuro-2a and b.End3 cells were washed, switched to OGD medium, and placed in a hypoxia chamber (NexBiOxy). The chambers were sealed and maintained under a gas mixture of 95% N 2 /5% CO 2 for 6, 12, 18, and 24 hours. OGD was terminated by returning the cell culture to a normoxic condition under the complete medium for 24 hours.
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HUVEC Coculturing With Neurons or With Endothelial Cells
The Neuro-2a cells and b.End3 cells were cocultured with HUVEC-P4. After the cells had been washed and placed in OGD medium, the HUVECs were added to the Neuro-2a and b.End3 cells, respectively, using transwells before OGD. OGD was terminated by returning to a normoxic condition and replacing the medium with complete medium.
Cell Viability
At 24 hours post-OGD, cell viability was assessed using a cell proliferation kit (XTT; Roche). The Neuron-2a cells (1×10 5 ) and b.End3 cells (1×10 5 ) were incubated with XTT labeling reagent for 2 hours. The quantity of formazan was measured by the amount of 492 nm absorbance, and cell viability was expressed as the percentage of optical density in the OGD group over that of the normoxia control.
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Statistics
Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software). Numeric continuous data were presented as mean±SEM and analyzed using 1-way ANOVA, and Tukey test was used for post hoc comparisons. For comparisons of brain area reduction between groups, we used Kruskal-Wallis test and Tukey test for post hoc comparisons. P<0.05 was considered statistically significant, and all probabilities were 2-tailed.
Results
Low-Passage HUVECs Entered the Brain and Positioned Close to the Neurons and Microvessels After HI
Boyden chamber ( Figure 1A ) revealed that HUVEC-P4 had significantly higher migratory properties than HUVEC-P8. Flow cytometry showed similar transfection efficiency between HUVEC-P4 and HUVEC-P8 at 24 hours after adenovirus-GFP transfection ( Figure 1B ). After injection, HUVEC-P4-treated pups had significantly more HUVEC-positive cells (GFPpositive cells/all nucleated cells) in the blood at 3 hours post-HI than HUVEC-P8-treated pups ( Figure 1C ). The circulatory 
HUVEC-P4 Protected Against Neurovascular Injury and Provided Neuroprotection
At 24 hours post-HI, immunofluorescence in the ipsilateral cortex showed the HUVEC-P4-treated group had more NeuN-positive neurons than the HUVEC-P8-or condition medium-treated group ( Figure II in the online-only Data Supplement). The HUVEC-P4-treated group also had fewer NeuN-positive neurons that coexpressed cleaved caspase-3 than the HUVEC-P8-and condition medium-treated groups ( Figure 3A) . Tissue cytometry revealed that the HUVEC-P4-treated group had lower percentages of apoptotic neurons ( Figure 3B ) and significantly less cleaved caspase-3, NeuN and DAPI triple-positive cells ( Figure 3C ) than the other 2 groups. RECA-1 immunofluorescence showed the HUVEC-P4-treated group had more preservation of microvessels than the HUVEC-P8-or condition medium-treated group ( Figure 4A ). The HUVEC-P4-treated group had significantly more vascular area ( Figure 4B ) and vascular length density ( Figure 4C ) than the HUVEC-P8-treated or condition medium-treated group. The HUVEC-P4-treated group also had marked decreases of BBB damage and microglia activation at 24 hours and had more reduced astrogliosis than the other 2 groups at 7 day post-HI ( Figure 4D ).
HUVEC-P4 Provided Neuroprotection via SDF-1/CXCR4
Neuropathological examination on P14 showed that HUVEC-P4-treated group, but not HUVEC-P8-treated group, had significantly less brain area reduction than condition mediumtreated or normal saline-treated groups ( Figure 5A ). Immunohistochemistry showed that compared with control, the SDF-1 level was significantly upregulated in the cortex 3 hours post-HI ( Figure 5B ). The pups received intraperitoneal injections of AMD3100 (7.5 mg/kg per dose), a CXCR4 antagonist, or normal saline immediately before and after HI. Neuropathology showed that the AMD3100-and normal saline-treated group had similar brain area reduction, suggesting that inhibiting the SDF-1/CXCR4 during HI did not worsen damage ( Figure 5C ). The HUVEC-P4-treated pups were then administered with AMD3100 (7.5 mg/kg per dose) immediately before and after HI. Neuropathology showed that the HUVEC-P4 AMD3100 group had significantly more brain damage ( Figure 5D ) than the HUVEC-P4 normal saline group. At 24 hours after hypoxicischemia (HI), rat endothelial cell antigen-1 (RECA-1) immunofluorescence showed the human umbilical vein endothelial cell (HUVEC)-P4 group, but not HUVEC-P8 group, had more preservation of microvessels in the cortex than the condition medium group (A). The HUVEC-P4 group, but not the HUVEC-P8 group, showed significantly more vessel area (B) and vessel length density (C) than the condition medium group. D, The HUVEC-P4 group, but not HUVEC-P8 group, had significantly less blood-brain barrier (BBB) leakage and microglia activation (ED-1) at 24 hours, and decreased astrogliosis (glial fibrillary acidic protein [GFAP]) at 7 days post-HI than condition medium group; n= 4 to 7 in each group. Data were mean±SEM. *P<0.05, **P<0.01, #P<0.001. Scale bar, 50 μm. 
HUVEC Coculturing Provided Neuronal and Vascular Protection Against OGD
In vitro study for different OGD durations (6 hours, 12 hours, 18 hours, and 24 hours) revealed that there were progressive decreases in cell survival rate, with 26.8% and 52.8% survival, respectively, in the Neuro-2a cells ( Figure 6A ) and b.End3 endothelial cells ( Figure 6B ) after 24-hour OGD. Transwell coculture of HUVEC increased survival ≈20% in the Neuro-2a cells (Figure 6C) , and increased survival ≈40% in the b.End3 cells ( Figure 6D ) against OGD, suggesting HUVECs protect against neuronal and vascular injury via paracrine effect.
Discussion
Neurovascular unit is a major target of neuroprotection in newborns with HI. 3, 4 We found that peripheral injections of low-passage HUVECs entered the neonatal brain post-HI, positioned close to the neurons and vessels, protected against neuronal and vascular endothelial cell damage, and provided neuroprotection. Inhibiting the SDF-1/CXCR4 pathway did not affect HI brain damage; however, the neuroprotection provided by peritoneal injection of HUVEC-P4 was attenuated by inhibiting the SDF-1/CXCR4 pathway. In addition, transwell coculturing with HUVECs protected against OGD cell death in neurons and endothelial cells. Taken together, our findings suggest that cell therapy using HUVECs may be a powerful therapeutic strategy against HI in neonatal brain potentially via its paracrine effect on neurons and endothelial cells.
The neurovascular unit provides a framework for the development of new treatment that targets both neurons and vessels of neurological diseases. 19 Significant neurovascular protection post-HI is related to long-term neuroprotection in the neonatal brain. [3] [4] [5] It has been well-known that HUVECs alter their biochemical and cellular behaviors according to passages. Higher passage of HUVECs may result in lost cell functions by downregulation of its migration molecules. We showed that the transmigration ability was decreased in the high-passage HUVECs. Peripheral injection of low-passage HUVECs positioned close to the neurons and microvessels after entering the brain and protected against neuronal and 
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May 2013 vascular damage after HI. The correlation of HUVECs presented in the lesioned brain area and the beneficial effects observed is strengthened by the relevance of spatial proximity for neurovascular protective effects observed in the in vitro HUVEC coculture system, which showed that HUVECs protected neurons and endothelial cells against OGD. Most studies of cell therapy in neonatal HI injury use intracerebral transplantation. 7, 9 Cell delivery via intravenous or intraperitoneal route is a less invasive method that allows widespread distribution of transplanted cells to cover the injured area. In addition, this peripheral procedure enables exposure of cells to the chemotactic signals at the injury site, which selectively attracts cells to migrate to the target tissue. Our study shows that the HUVECs delivered via peritoneal injection were able to reach the systemic circulation, migrate to the vulnerable area, and, more importantly, position close to the neurons and vessels after HI.
The intraperitoneal route has been used for cell transplantation in neonatal HI brain injury, 9, 20, 21 demonstrating cell migration from the peritoneal cavity into the injured regions. These studies suggest the importance of precise chemotactic signals and BBB opening in the injured area, so that the cells injected can migrate over such long distances. In adult rats, bone marrow-derived stem cells homed to the ischemic brain via the interaction of SDF-1 and CXCR4. 22 In neonatal brain injury, the increased expression of SDF-1 in the vulnerable area was observed post-HI and the intraperitoneally transplanted HUCSCs migrated to the lesion site within 1 day after injection. 13, 14, 23 Although studies have shown that SDF-1/CXCR4 was related to the homing effect of the HUCSC after neonatal HI, significant neuroprotection was not observed at pathological levels when treatment started 24 hours after injury. 21, 23 We demonstrated that SDF-1 level was upregulated in the cortex 3 hours post-HI, and peripherally injected HUVECs before and immediately after HI were observed in the cortex 24 hours post-HI and provided significant neuroprotection. AMD3100 is a bicyclam molecule that antagonizes the binding of SDF-1 to its cognate receptor CXCR4 and inhibits SDF-1-induced calcium flux and chemotaxis.
13 AMD3100 is highly specific for CXCR4 and has no detectable agonist activity in calcium flux and chemotaxis assays. Inhibiting the SDF-1/CXCR4 axis using AMD3100 significantly attenuated the neuroprotection afforded by HUVECs providing evidence that HUVECmediated neuroprotection in neonatal brain required SDF-1/ CXCR4 axis.
By interacting with their receptors, cells may release growth factors and cytokines, thus inhibiting apoptosis, increasing angiogenesis, and stimulating the differentiation of endogenous precursor cells. Endothelial-produced brain-derived neurotrophic factor can protect neurons against OGD and oxidative damage. 24 Vascular endothelial growth factor also has neurovascular protective effects in the neonatal brain. We showed the spatial proximity HUVECs have with neurons and endothelial cells is associated with neurovascular protection after HI. Transwell coculturing with HUVECs significantly increased neuronal and endothelial cell survival against OGD, suggesting that HUVECs may provide the neurovascular protection by releasing trophic factors.
Further study is important to examine the neuroprotective effect and the therapeutic time window of HUVECs when administered after HI insult. Cell therapy using HUVECs has the potential for protective intervention in the neonatal brain because of its homogeneity, well-characterized surface markers, regenerative potential, and autologous capability. 
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Results
The postpartum day 7 rat pups have nucleated cell counts of about 5000/uL in the blood circulation and a total blood volume of 400 uL. We intraperitoneally injected 
